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A SERIES CAPACITOR INVERTER—CONVER&ER
FOR MULTIKILOWATT POWER CONVERSION

By Francisc C. Schwarz
Electronics Research Center

SUMMARY.

A nonlinear, active network that transforms the voltage
waveform of a unipolar source of energy is presented. This net-
work consists of ideally lossless elements such as inductors,
capacitors, and on-off switches. Control is obtained by variation
of the mode of switch operation. A circuit philosophy is applied
which is adapted to the characteristics of switch operation and
confines the stresses imposed on circuit components to moderate
levels. Results of experimental work are reported and include -
(1) test data of a 95% efficient, 2-kW dc transformer having a
power density of 0.4 kW/kg; (2) integration of this trans-
former with an ion propulsion engine.

INTRODUCTION

A network is introduced which transforms the voltage waveform
e (t) of a source of electric energy to another voltage waveform
vo(t) as required at a load Zj. The network is first presented
in form of a dc transformer; this is followed by indication of
other applications, such as power amplifiers, inverters and con-
verters.

Transformation of dc potentials, such as scaling and stabili-
zation, requires the successive processes of inversion, ac scaling
with the aid of a transformer, rectification, and finally, filter-
ing. Inversion can include forms of pulse modulation, such as
pulse width or pulse frequency modulation, and implement dc voltage
stabilization and scaling, concurrently (refs. 1,2). The physical
weight and size of an apparatus, and its efficiency of conversion,
depend largely on the frequency of the inversion process which is,
in turn, limited by the interdependence of the characteristics of
networks with those of their component parts.

Semiconductor switching components, such as power transistors
and controlled rectifiers, are the most vulnerable circuit ele-
ments (refs. (2,3). The damage susceptibility of switching ele-
ments during their on-off operation increases with the ratio of
transient to steady-state stresses. This is proportional to the
efficiency of conversion or processing of power and is due to the
intended minimization of the ratio of resistive to reactive ele-
ments in these circuits.



Modes of Current Switch Operation

Common solid-state converter circuits, such as parallel
inverter-converters, employ modes of operation that are based on
the forced interruption of load currents as part of their cyclic
operation (refs. 2,4,5). This mode of operation imposes consider-
able stresses on the switching components, especially at the ter-
mination of the guasi-rectangular current pluses. The power dis-
sipation in the collector circuit of a power transistor operating
in the indicated switching mode is illustrated in Figure 1. The
oscilloscope trace displays the power dissipation as a function
of time. The dissipation curve is similar in shape to that of the
pulsating load current, except for the sudden and substantial rise
after the initiation of pulse termination. The display was ob-
served on a conventional oscilloscope and obtained from the signal
output of a wideband wattmeter (ref. 2). The "tail" in the dis-
sipation curve occurs as the switching element undergoes the
transition from the conducting to the nonconducting state. The
shape and size of this part of the dissipation curve depend solely
on the network and device characteristics, and are independent of
the frequency of operation. The area under this part of the curve
corresponds to the dissipated energy per cycle. The power loss
due to this phenomenon is proportional to the resulting watt-
seconds per second, i.e., the number of cycles per second, and
constitutes the frequency-heat barrier for efficient inverter

.

Figure 1l.- Power dissipation of the switching transistor

i i i i i i = 5A: L ~ 10uH
in an inductive circuit, lcmax ; M



operation. The series capacitor inverter-converter employs under-
damped series resonant circuits in which cessation of the load

current precedes, and is the causal mechanism for opening of the
switching elements (refs. 1,2,6).

The power dissipation in the switching element is therefore
near zero during its opening process. The series inductor L in
Figure 2 limits the rate of rise of current after initiation of
current conduction in any of the switching elements CRjj or CRja
such that this current cannot attain a value of significance dur-
ing the closing process of the switch. The trace of an oscillo-
scope shown in Figure 3 indicates the power dissipation in the
switching element of a series resonant circuit. Power dissipation
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Figure 2.- Conventional series inverter-converter circuit

Figure 3.- Power dissipation of the switching controlled

rectifier in a series resonant circuit,imax = 7TA



in the switching elements is confined to the conduction time and
is therefore independent of the frequency of operation for a given
current level and of the ratio Tkx/Tok where Ty is the time of
conduction during one cycle with duration T, . The frequency-heat
barrier is thus removed and the frequency of operation is limited
only by the speed with which the switching elements can close and
open.

The Series Inverter

The common series inverter is said to suffer from two signi-

ficant inadequacies (ref. 1): (1) it cannot be controlled;
(2) it is load sensitive. Other shortcomings one hears mentioned
are: (1) the relatively low frequency of operation resulting

from a lengthy recovery time for silicon controlled rectifiers
(SCR's) and (2) the hazard of an unscheduled initiation of con-
duction in SCR's due to spurious signals, a situation that would
cause short circuits in the system and lead to its ultimate
destruction. These, however, are erroneous. It has been demon-
strated that a controlled rectifier is capable of operating at
frequencies comparable to those of power transistors and that it
will not fire accidentally when its control circuits are properly
designed and constructed.

The series inverter, unlike the parallel inverter, is indeed
uncontrollable and load sensitive when operated at a fixed fre-
quency. This difference of behavior is rooted in the network
characteristics of these two classes of inverters. Looking into
the transformer terminals of a parallel inverter, a resistive load
Ry, sees the source voltage aeg* (t) which implies that the input
voltage source eg(t) has been modified by a scaling factor a and
has been inverted to a pulsating voltage waveform with a pulse
duration ratio Typ/Tox- The average value, Vo, of the output
voltage vgo for each cycle of operation which starts at time tyg
and ends at tk + Tpok is:

t
v, = T—l-— f v, dt = Ti- f e, dt (1)
ok ok

Hence, control of the dc output voltage can be obtained by vary-
ing the pulse duration ratio Tx/Tgx. The reflection of the modi-
fied source voltage eg to the output terminals provides this
network with its load-insensitive transfer characteristics.



Looking into the transformer terminals of a series inverter,
the load Ry, sees a power source, P, which depends on the input
voltage source eg(t). The energy transferred to the load during
each cycle of operation of this nonlinear RLC network is (under
conditions of cyclic stability) equal to the difference of energy
stored in the series capacitor Eg(ty) before, and Ec(tx + Ty)
after, each cycle of operation (ref. 7).

The power P in the load Ry, is given by

= 1 :
P = 3 [zesvcl(tk)] C,(2£) (2)
where
v 1(tk) = the voltage amplitude of oscillation of the
¢ series capacitors Cl
C; =Cyq +Cyy (see Figure 2)
;= the inversion frequency

The amplitude voj (tx) = g(eg, Ry) is a function of the input
source voltage eg(t) and the load Ry, in addition to other network
parameters. The rms value of the output voltage of the series
inverter Veoypg is related to the power P by

- 1/2
Vorms [Zfiesg(es’ RL)RLcl] (3)

Relation (3) characterizes the lack of controllability,
and the load sensitivity, of the common series inverter operated
at a fixed frequency fi, since VOrm is a function of eg and Rp,.
Control is regained when the rate of transfer of energy from the
source eg to the load Ry, is adjusted such that a constant output
voltage Vorms is maintained. This is achieved by varying the
frequency of inversion fj (k) = 1/2T,x such that Vgypg (k)
® Vorms (k+1) = Vo, for any variations of eg and Ry, within design
limits (ref. 8). Inverter operation, however, still suffers from
a lower frequency limit of operation that is due to the cut-off
frequency of the low-pass filter associated with the conversion
process. The limit can be extended by changing the size of the
series capacitor during operation, but it cannot be entirely over-
come. Application of this type of inverter has been restricted
because of its inability to operate from full-load to no-load
while maintaining a prescribed output voltage. An improved series
inverter-converter is presented in this report, which is free bf
this shortcoming and maintains a prescribed output voltage for any
variation of eg and Ry within design limits, including Rp-~.



THE LOAD INSENSITIVE SERIES INVERTER-CONVERTER

The series capacitor inverter-converter can be viewed as a
nonlinear LC oscillator coupled through a transformer-rectifier
to a low-pass filter. The conventional second-order filter indi-
cated in Figure 2 is reduced to a first-order network by removal
of inductor L,. The remaining capacitor Co and the associated
load Ry, then become part of the resonant primary circuit under
appropriate impedance transformation.

Capacitor C, alone now constitutes the low pass output filter
and has to be selected to assure that the maximum deviation
1/2 r p_ ©f the output voltage vo from its average Vo will not be
exgeeged in between recharging cycles. A functional mechanism
which adjusts the inverter frequency fji to accomplish this is
described later in this report. The intended functional philoso-
phy that would transform dc potentials in a controllable and load-
insensitive manner has thus been formulated.

Steady-state operation of the series inverter-converter cir-
cuit depicted in Figure 4 will be considered in this discussion
of characteristics for small source voltage variations. For this
case, the voltage amplitude v¢1(ty) will be related to the
system input voltage eg, the quality Q of the resonant circuits,
the ratio of capacitors Cj; and Co, and the average output voltage
Vo which results from the degree of loading. It will be shown
that a state of equilibrium can be reached for relatively small
variations in the specific values of eg, Vo, and the critical
circuit parameters. Confinement of vgj](tyx) during transient con-
ditions, such as systems start-up, is considered in the discussion
of transient conditions. Finally in the discussion of character-
istics for large-source voltage variations additional techniques
will be introduced that permit wide variations of eg and Vp as re-
quired for more general applicability of this inverter-converter.

Characteristics for Small-Source Voltage Variations

~ Steady-State Operation. - Operation of the network depicted in
Pigure 4 is discussed with reference to the associated character-
istic voltage and current waveforms illustrated in Figure 5(a),
(b), (c), and (d). The power switches of this converter operate




Figure 4.- Simplified schematic of the controllable, load-
insensitive series capacitor converter

in a manner such that CR conducts during the interval Eg<t<tp+Ty,
while CRjj conducts during the interval typj<t<tyyi1+Tk+1-

A rectangular voltage waveform vy appears at the terminals of
winding W] of the primary transformer and is depicted in Figure
5(b). The magnitude vggz of this rectangular wave is given by

v = Vo/a for t

<t<t, +T
xXa

K T (4)

where V_ is the output voltage at the load terminals and a = Np/Ny
is the %urns ratio of the secondary (W5) and the primary (Wj)
windings of transformer X.

Similarly, the negative of this occurs during interval Tk+1.
The primary transformer voltage vy appears during each phase of
switch conduction as a quasi-fixed potential vy, which opposes
the source voltage eg, provided

1
vdvo/dt_—v 0 (5)

o

Consideration of this circuit can be simplified using Thevenin's
equivalents for the source of electric energy and the two shunting
capacitors C311 and Cj, whereby eg is transformed to ef = eg/2 and
the series capacitor Cl = 2Cj31, provided that for reasons of sym-
metry, C1; = Cip. Attention is now directed to one of the criti-
cal areas of this mechanism: to maintain the voltage amplitude

vel {tk) of the high Q series resonant circuits within the limits
imposed by its component characteristics, especially those of the
semiconductor switching elements. Resistive damping is excluded,
because it would impair the efficiency of operation.
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Flgure 5.- Characteristic voltage and current waveforms of the
load insensitive, controllable series capacitor

converter



An equivalent circuit for each cycle of operation of the con-
verter is shown in Figure 6. Capacitor Cp represents the equiva-

lent of filter capacitor Cy, of Figure 4, as reflected into the
primary circuit;

that is

c, = N,/N)?cC (6)

O

b

Figure 6.- Equivalent converter circuit during an individual
cycle of operation

Current source i) represents the almost-constant load current
Vo/Rp, as reflected into the primary circuit. It is assumed that:

1. All components in the equivalent circuit of Figure 6
have ideal characteristics. (This assumption will
subsequently be modified.)

2. Current i) counteracts the effects of current i; on
capacitor C5 in such a manner that it will return to

the same potential vy = vy (ty) before initiation of any
current pulse.

3. Capacitor Cj is turned around end-to-end between cir-
cuit terminals a and b after each current pulse, and
before initiation of the succeeding pulse, such that
under conditions of cyclic stability



Vcl(tk+l) = —vcl(tk + Tk) and (7a)

Vor (B) = Vo (Begq + Tpgq) - (7b)

Capacitor C; is initially charged to a potential vg] (tyx), a
negative value. Switch S; closes at time t = t, and for
tk<t<tk+Tk we have

\ _ . 1 :
es(t) = Ldll/dt + vcl(tk) + v, + . J[ i, dt (8)

ty

where C = C1C,/(Cy + C3). Solving for the current yields

1l(t) = I_sin w_t (9)
where
Ia = AvV/C/L
—_ L} —_ -
Av = el vcl(tk) v,
Wy = 1/VLC

The output voltage variations, as illustrated in Figure 5(d),
depend on the load Ry, the pulse repetition rate, and the size of
capacitors Cj; and Cg,.

The voltage vj(t) across Cj is

t
_ 1 .
T
which at time (tk + Tk) becomes
2C2

Vcl (tk + Tk) = VCl (tk) + Av 6]-_——:——6; (11la)
where

Tk = TVYLC

10



The behavior of a highly underdamped RLC circuit is briefly
considered next. The series resistive element Rg<<yL/C is as-
sumed to be sufficiently small to permit use of the relations
governing lossless LC circuits except for a small but finite loss
of energy during each half cycle of oscillation. With reference
to Figure 6, capacitor Cj is initially charged to potential
vel (tx) » a negative value, and switch Sj is open. It is assumed
for now that e{ = 0 and that Cj is short-circuited. Switch Sji
closes and a reversal of the voltage across C; is caused by the
resonant current through Lj, Cj, and the short-circuited element
Co. Switch S; opens immediately after polarity reversal of the
voltage across Cjp, and

v l(tm + Tp) = -xvgop (tp) (11b)

where (1 - x)<<1l. The factor (1l - x) is introduced as a measure
of the loss of energy due to presence of the series resistance Rg.
If one considers the voltage difference 2rv,j across Cj rather:
than the individual voltages before and after polarity reversal,
then one can relate

2rv = (1L + x)v (12)

cl cl

where r is defined as the "loss factor." The energy Egr dissipated

in resistance Rg during polarity reversal is equal to the ensuing
loss of energy Ec in C; and can be expressed as

mY LC

_ 2 1. 2, _ .2 _

E, = flRSdt+-2—Vcl (1 - x°)c, = E (13)
O

The loss factor r of the capacitor voltage "swing” due to the
presence of series resistance Rg can be obtained from relations
(12) and (13) as

r = 1 - 1/Q (14)
provided that

w L
Q = —|—>> (15)

If the loss factor r is now introduced into relation (1la),
which governs the behavior of the equivalent circuit, then thls
relation can be modified to

2C2
C, +C

v . (t, + T
17k 1 5

v l(tk) + rAv (16)

K

11



where r is associated with the actual voltage "swing"
Av2C,/(C1 + Cy) of capacitor C; in the presence of capacitor C3.

Simultaneous solution of relations (7) and (16) for the k-~th
and (k+1)-th cycle yields:

rC eS - 2v2

2 Cl + C2 - C2
. Cl + C2

|-
(N

Il

v 1(tk + Tk) (17)

Under conditions of cyclic stability and the given assumptions

ol (tryr + Tyap) = Vol + Tp) (18)

Removal of the hypothetical "turned around" capacitor Ci1 (as
stated under assumption 3) leads to the realization that in the
actual circuit, shown in Figure 4, and the associated voltage
waveforms in Figure 5, one has

c1 (&) = “Vcl[tk + 1] (19)

Substitution of relation (14) into (17) yields

% -1 s
Vo1t + Ty =‘T‘—<T"Vz) (20)
Q 1,
m C2
This can be reduced to
e
~ 2 (s _
v l(tk + Tk) - ( > vz) (21)

for Q >>7 and QCl/ﬁC2 <<1l, as is often found in practice.

Relation (21) is a convenient abbreviation of expression
(20) and is useful for first-order approximations.

If Rg>0, then Q> and vcj (tg + Tx) > (C2/Cy) (eg/2 - v2) pro-
vided that i, continues to remove energy from capacitor Cp. Under
conditions o% cyclic stability, the maximum excursions of vs] are
confined in most practically realizable cases of interest.

12



Power Capacity and Efficiency

The power transfer capacity P of the system is expressed by

relation (2). The highest physically possible frequency of opera-
tion fijgpax is limited by the inequality
2f, < L = L = oaf_ (22)
. mLC + T 3m3 mv/LC
min
where
Tq = the time interval between pulses and Typin 1S the
minimum time required for recovery of the electronic
switches
d = the maximum "duty cycle" of switch operation or ratio
of "on" time Ty to the duration Tgx of the cycle

f, = the natural frequency of the equivalent resonant cir-
cuit as illustrated in Figure 6.

At relatlvely high eff1c1ency of operation, the processed power

P = Vo /R ; where Ry is the load resistance as reflected into the
primary c1rcu1t %e relative power loss in the system can be
approximated by

2 Rs
L-n = o g¥x; (23)
L S
where
n = the efficiency of the system
p = the ratio irm /1av between the rms and the average

value of the converter current 11 illustrated in
Figure 5 (ref. 9).

The ratio

i

p = 575- lfl + Td/Tﬁ/EE (24)

is verified through inspection and interpretation of Figure 5(c).
Relations (2), (14), and (21) through (24) were used to derive
the efficiency

o1 -1(%s ) Ss o5
no® Z\ v v (25)

13



from

= 2Vcl(tk)esC fimax (26)

Ry,
with the restrictions that Rs << Ri and Q >> 7.

The average primary load current is

Iav = \2 (27)

and its amplitude

'_l

L = = P
a 2@ tav = 2N v (28?

2

Qal:i
(N

The system requirements of I__, Av and f_ allow selection of
av o)
L and C from

I, = Av V/C/L (29)
and
1 =
'2-'f—' = ™ LC (30)
o)

Functional and Protective Features

A simple control system maintains a relatively constant out-
put voltage v,. The output signal hv, of a resistive voltage
divider shown in Figure 7, consisting of resistors Ry and Rp, is
compared to the potential of the reference source voltage ERr. The
difference between these two signals (hvy - Ep) is illustrated in
Figure 8. The comparator emits a 1-0 signal depending upon whether
hvy - Eg 2 0. This 1-0 signal is processed by a sequencer which
directs it in alternating succession to the firing pulse generators
1 and 2. The firing pulses cause conduction of controlled recti-
fiers CRjj and CRjp, respectively. Each of the current pulses
which are caused by conduction of the controlled rectifiers is
terminated by resonant turn-off as the switch current becomes zero.
Continuous converter operation and a minimum output voltage Egr/h
is thus maintained. The output voltage, v,, is bounded by the
limits indicated by the inequality.

1 1
VO -2— Y + 5 r (31)

< vy < Vv
- O — O PP

PP

14
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= COMPARATOR je—o Co
Rb gL
¥ t tk+2
SEQUENCER
| tk+|
FIRING FIRING
PULSE PULSE
GENRI GEN'R 2
fk ik+2
TO CR|| ==
T0 CRIZQ
tke tke3

tk+3

Figure 7.- Symbolic block diagram of converter control system

The maximum peak-to-peak voltage ripple of the output voltage
follows from simple geometrical considerations and partial use’ of

relation (lla).

load 1is

The magnitude of this voltage ripple at full

15



hvgy=— ER

Figure 8.- Difference voltage waveform applied to comparator

T
pp 2AVccic Z_On/rch
1 2 72 Ta

(32)

provided that rp,<<V,. It is recalled that C3 = Co (Vo/v2) 2,

where V,/v)y is approximately equal to the turns ratio Np/Nj of

the power transformer. The ripple, r,,, then becomes a function

of the output filter capacitor C,, the load Ry, and the pulse
repetition rate 2fi. The frequency of operation decreases linearly
with decreasing load current. The output voltage ripple can in-
crease in the limit to

_ 1 _°
Topmax = 2 Av C. +C. Vv (33)

under zero load conditions.

Operation of series capacitor inverters with controlled rec-
tifiers requires protective measures to prevent simultaneous con-
duction by both primary switches. This is accomplished by gating
the firing pulses sent to the individual controlled rectifiers in
a manner that will allow no firing pulse to reach its destination
unless current flow in the companion controlled rectifier has
ceased for at least a minimum length of time. This required ad-
ditional time interval corresponds to the recovery time T 3msi of

iy min
the controlled rectifiers.

16



Transient Conditions

The previously derived voltage excursions vg3 of capacitor
C1 are valid for steady-state operation. The uncharged capacitor
Co effectively short circuits the transformer during turn-on of
the system. The voltage excursions, Vg1, across capacitor C; are
therefore substantially larger during this transient phase.
These potentials require considerable excess tolerance in the
voltage ratings of the circuit elements used, especially those of
the controlled rectifier switches. Measures that prevent occur-
rence of these voltage "overshoots" associated with system turn-
on are discussed next.

Removal of electric energy from the series inductor L at a
time when it is being transferred to the series capacitor C; will
result in nondissipative damping of the resonant circuits. The
degree of damping depends on the instant at which the removal of
this driving force is initiated. Temporary return of the excess
energies of inductor L to the source eg during transient condi-
tions, such as initiation of system operation, will be presented
now.

The inductor L in the inverter circuit is equipped with two
secondary windings Wro1 and Wpyo with opposing polarities, each
connected through one diode to the voltage supply eg. This is
illustrated in Figure 9. The ratio of the Ny primary turns and
the Ny o turns of any of the secondary windings Wp3 of inductor
L is such that

= = (34)

s L2l L22

Figure 9.- Secondary inductor circuit of series capacitor °
converter for energy transfer

17



The significant voltage and current waveforms associated
with this circuit are discussed with reference to Figure 10. The
maximum excursions of the capacitor voltage v. are bounded by
clamping the secondary inductor winding to the source voltage eg,
as expressed by relation (34), at a time when v_ is tending to
exceed the prescribed values v Or V__ . . ¢

cmax cmin

The gquasi-sinusoidal steady-state voltage waveform with
amplitude AvLss;across L is indicated by the dashed curves in
Figure 10(a). The full-wave rectifier bridge associated with the
secondary inductor winding Wpp remains non-functional when the
secondary inductor voltage vyp<eg. When vy2>eg, then the recti-
fier bridge clamps vy to eg and the corresponding primary induc-
tor potential vy to a fixed voltage level Avpax. The ensuing
valtage waveform v is indicated by the solid curves in Figure
10(a). The voltage waveform vy,] is "arrested" at time T in the
cycle. The capacitor voltage v is therefore clamped to vgpay at
that time. The clamping of the capacitor voltage is due to the
fact that the only source of electric energy which causes a change
in ve after vg>eg or ve<0, respectively, is the energy stored in
inductor L. Current ij indicated in Figure 4 is thus terminated,
since Cj1dve/dt = 0, and controlled rectifier CRjj will open. This
current ij is identical to the inductor current iy shown in
Figure 10(b) for typ<t<ty + Tyz. For tx + Tg<t<t yx431, i3 = 0. The
magnetic energy remaining in inductor L is discharged into the
voltage source eg.

If deg/dt = 0, then for each cycle

(" 0 for t,<t<t

k k + Ta

ip, () =¢ (35)

Av e t

max . S
- —— > 3
— lLl (tk + Ta) I for t tk + Ta and i

>
. s 2 LZO

+ Ta and 1L2>0

il

where iL2 secondary inductor current

it

Ly inductor value as viewed from its secondary

winding terminals

The secondary inductor current is indicated as i{, when re-
flected into the primary circuit, and i;,>0 for all times. The
voltage waveform v is shown in Figure &8(0) and illustrates the
objective of this non-dissipative damping technique. The series

capacitor voltage "swing" is limited to 2Viimax' With Vepax as its

18
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Figure 10.- Voltage and current waveforms associated with
inductive energy transfer ’
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upper limit and Vgpin @5 its lower limit. These limits are dic-
tated by the maximum ratings of components, especially those of

the semiconductor switching devices. The dashed curve in Figure
10(c) indicates the capacitor voltage waveform under steady-state
operating conditions, when the secondary inductor winding remains
inoperative and primary circuit operation is not affected by the
presence of winding Wyo. An excessive overshoot Ave of the capaci-
tor voltage during turn-on conditions is thus prevented by clipping
this voltage at preset levels. The system "ignores" this imposed
limitation during steady-state operation, as intended.

Characteristics for Large Source Voltage Variations

The clipping technique discussed previously under Transient
Conditions could also be used to accommodate variations of the
source voltage eg or intended load voltage variations, and prevent
occurrence of a steady-state voltage amplitude vel (ty) (as stated
by 'relation (21)) that would exceed the component limitations.
Such an approach appears valid, but would lead to a reduction of
the system efficiency since heat would be generated by sizable
currents during the return of energy from the inductor to the
supply source rather than during the transfer of energy to the
load. The variation in efficiency would be reflected by variations
of the current ratio p as defined by relation (23).

However, a similar technique can be used to transfer excess
energy from the series inductor to the load and thus avoid degrada-
tion of the efficiency. Inductors Ljj; and Ly, are connected in
series with the controlled rectifiers CRj] and CRj3 as shown in
Figure 1l. The secondary windings Wr2l1 and Wy, of each of the
inductors are connected to the secondary diodes S31 and S35.

These switches are back-biased during the first half of the indi-
vidual resonant half cycles. This is consistent with the relative
polarity of the windings as indicated by the dots. Diode Sp; will
conduct during portions of the second half of each individual
resonant interval whenever

Y Npos
Lli NLli

> VO (36)

where NLji = number of turns in the respective inductor windings
V1,14 inductor primary voltage

The time T o at which conduction in the secondary inductor windings
is establi8Bed is determined by the relation

v N, 5.
Tao = YILC {T - arc cos ;9- NLll
Lt "L2i

(37)
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for

T V/ic <7 <w/IC
2 ao

where vy =v,(t )-e /2-v 5, cl2t

relation (49). The voltage Av = es/2 - V2(tk) - Vcl(tk) is

(tk),and v (tk) is defined by

variable under transient conditions, such as turn-on, since the
load voltage as reflected into the primary circuit vy (tyx) varies
from cycle-to-cycle starting from zero to its steady-state value
v2. The cut-in time T35 of the secondary inductor circuits varies
accordingly, but the absolute maximum excursions of the capacitor
voltages, Vcomax and vemins, remain bounded until the output vo
approaches its intended level and thereafter. The turns ratio
N1,2i/Np1i can be, again, chosen in such a manner that inequality
of Eg. (36) is not satisfied during conditions of cyclic stability,
in order that the inductive energy transfer remain only effective
during transient conditions of operation. The method just dls—
cussed, however, is suited for steady-state operation.

Figure 11.- Simplified schematic of the controllable, load-
insensitive, series capacitor inverter-converter
with inductive energy transfer to the load

Another degree of freedom may be added to this technique ‘by
addition of a controlling function to the switching elements Soj
connected to the secondary inductor windings. This can be imple-
mented by using controlled rectifiers which are then provided ‘with
appropriate gate-firing signals.
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The cut-in time T4 (k) now becomes a variable and can be chosen
arbitrarily provided that

T_o<T, (k) <m/LC (38)

This technique can be used to reduce the swing of the capacitor
voltage ve] as expressed by relations (20) and (21) to
any value, as long as the desired value is such that

0
voy ey + < 2 [es/2 - vz] (39)

A significant cause of excessive capacitor voltage build-up
is:a variation of the source voltage eg. The quality factor Q of
the circuit should be relatively high in order to provide the sys-
tem with an acceptable efficiency. The product (Q/m) (eg/2 - v3)
will vary by the multiple Q/m of any variation of the relatively
small difference eg/2 - v, where both eg and v, have usually large
values.

If the voltage source eg were to vary by a significant amount,
then the system will cease operation when eg/2<vy as noted by
inspection of Figure 6. The capacitor voltage vy may exceed a
safe maximum vopmax 1f eg/2 were to substantially exceed v) as indi-
cated by relations (20) and (21). The method for capacitor swing-
limitation discussed with reference to Figure 11 not only prevents
an excessive voltage v, but also permits system operation with
an approximately constant current amplitude I, even though the
voltage eg of the source may increase substantially. Maintenance
of an approximately constant current ratio p, as defined by re-
lation (23), for a given load and for a widely varying eg offers
unparalleled advantage of approximately constant efficiency for
a wide range of source voltages. This unique property is dis-
cussed with reference to Figure 12.

The capacitor voltage waveform v, is shown for a voltage
source eg] and for a voltage source eg2 = beg], where b>1l. The
objective of this technique is to assure that the difference
voltage Av, defined by relation (10) remains constant for any
value of eg)jfeglegy such that the current amplitude I remains
invariant. The difference voltage Av associated with each of
these two source voltages is designated with an index (Avi) for
purposes of distinction. This designation indicates the desire
that

v AV =e /2 - v () vy = ey, /2 - v, () - v, = Ay, (40)
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Figure 12.- Voltage waveform v, of the series capacitor for
(a) source egq and (b) source voltage S

where the capacitor voltage amplitudes vg1j (tx) also appears with
distinct indices. It becomes immediately evident that Avi will
remain unchanged if

©g1/2 = Vor1(ty) = egy/2 = v, () (41)

It is recalled here that vg1j (tx) and veiimax are negative values
as defined by relations (7a) and (7b). The relationship between
the Veli is here established by rearrangement of (41).
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€s1
—g— b - 1) + v (42)

Veig (By) c11 ()

It is necessary that

Vcl2(tk) > besl/2 (43)

to secure unfailing turn-off of the controlled rectifiers, and
that begy1/2 - vi12(ty) be smaller than the safe operating voltage
of the switching components.

This technique can be implemented by the circuit shown in
Figure 11. This circuit will cut-in whenever the secondary in-
ductor voltage vy, tends to exceed the load voltage and thus

Vi VLf Nrq
\Y B S (44)
o o L2
consistent with relation (34). The initial inductor voltage

Avi is invariant for an invariant output voltage vg, since the
inductor winding turns ratio is fixed. Hence, the objective of
this technique is attained. The steady-state value vg1g(tx + Tk)
to which the non-restricted capacitor voltage amplitude vgl2
associated with the source voltage egy would tend is given by

b - 2v

€s1 2
esl - 2v2

t, + Tk)

Velzs (B + Ty)

= Veorr (B (45)

where vg11(ty + T) is the "arrested" capacitor voltage amplitude.
It will, however, start each time with the same value Av] = Avyp,
whichever of the sources eg; or egpy may power the circuit. To
what extent the voltage amplitude vo1i will tend to increase will
depend on the time constant of the resonant circuit. The time
constant of the exponential term of an RLC circuit is given by

R _ i

(oA — = —rrr————
2L 2QTO

(46)

The change in amplitude will attain 63% of its final value when
at] = 1. This will occur when t] = NT, where N is the number of
intervening converter cycles. Thus number, N, is found from the
relation

Tr —
EQ—TS NTO = 1 (47)
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as
N = 2Q/m (48)

The target value voj2t(tyx) of each cycle of the capacitor voltage
amplitude is then

Sl

Vorot (Fe) = Vorg (8) (49)

This is obtained by using straight-line approximation for the
incipient portion of the exponential term and using relation
(42) . The "target path" of the overshoot of v is indicated in
Figure 12(b) by a dashed curve. The rms value of the converter
current associated with the transfer of energy from the source to
the load will remain approximately constant, even though part of
it will flow through the secondary inductor winding.

This method requires two inductors, each equipped with one
secondary winding. A certain weight penalty could be imposed on
the system since two inductors are required, each with one
secondary winding, and each possibly involving high-voltage insul-
ation.

This difficulty is circumvented by employing the main power
transformer as the energy transfer and voltage level transforming
element. This is accomplished by adding controlled rectifiers
CR13 and CRj4 to yield the circuit shown in Figure 13. This cir-
cuit operates in a similar manner to the one discussed with refer-
ence to Figure 4, except for operation of controlled rectifiers
CR13 and CRj4. Inductor L is in series with the power transformer
X. The voltage waveform seen by the inductor is the same as the
one shown in Figure 10(a) for ty<t<ty + Ty. The inductor
current is the same as depicted in Figure 10(b) for the same time
interval, and so is the capacitor voltage ve shown in Figure 10(c).
At time t = tx + T4, controlled rectifier CR33 is fired. It will
clamp the voltage vy to the cathode of controlled rectifier CRj1j]
and thus turn off CRjj, since its anode current is reduced to Zero.
However, the inductor L remains connected across the transformer
X. Current ij will continue to flow governed by the relation
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il(t) = il(tk + Ta) - — t (50)

for t,_ + Ta < t, i, > 0

k 1

This current is stepped up or down by transformer X and thus
transferred to the load. No additional power loss is involved
through the addition of the two new controlled rectifiers since
the primary current falls only through one semiconductor voltage
drop at one time, as before. The firing signals for CRj3 and CRj4
can be derived from a secondary signal level winding on inductor
L operating against some constant reference voltage, or from an
appropriate control circuit which emits a signal when vy reaches
V. Or when v_ attains v or Vv___.

Lt c cmax cmin.

The effect of this last technique is exactly the same as that
previously discussed with reference to Figures 11 and 12, that is,
it secures a safe start-up of the system with confined excursions
of the voltage waveform ve and approximately constant efficiency
for a given load and for variations of the source voltage eg.

_-.—es :'_—6 §R
() L
Figure 13. - Alternative simplified schematic of a controllable

and load insensitive series capacitor dc converter
with transfer of inductive energy to the load

APPLICATIONS

The previous discussion of the series inverter-converter was
limited to its application for scaling and stabilization of the
voltage of a source of dc power. The basic network can be ap-
plied to perform other functions; in many cases, this requires
application of conventional engineering techniques to a new
electronic system, rather than the generation of circuit concepts
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with novel functional philosophies. Several such systems are
briefly outlined in the following. They constitute, however, only
an arbitrary sample of potential applications.

Voltage Stabilizing dec Transformer

This application was used for the presentation of this net-
work; further information is contained under Experimental Results,

Secondary Sources of Pulsating Power

The dc transformer can supply pulsating power to certain
loads such as radar or laser systems. The output capacitor Cg is
charged by the load between individual pulse demands to a preset
voltage Vo. A sensor detects the flow of current into the load
during each of its work cycles, and sends a signal to the control
mechanism of the converter which prevents its operation until the
load current has subsided. Subsequently, the converter resumes
operation and recharges its output capacitor Cy and is then ready
for the next work cycle. Capacitor Cp is in this case part of the
pulse-forming network. The advantages of this system are: (1) its
high efficiency, since a resonant impedance rather than a resis-
tive element is used to limit the capacitor charging current, or
(2) the elimination of the bulky dc filter associated with the
efficient supply of power for pulsating loads.

Controlled Three-Phase ac to dc Conversion

The power derived from a source of conventional three-phase
ac power is first processed by a full-wave-rectifier bridge and
then by the controllable dc transformer. The load receives dc
power with stabilized voltage, or current, or energy per unit of
time, as required. This process is indicated by the block diagram
shown in Figure 14. The system performs the functions of (1) con-
version of three-phase ac to dc power, (2) voltage scaling,
(3) voltage, current, or power stabilization, and (4) rejection of
the ac ripple r(t) contained in the rectified voltage waveform
eg{t) by an active filtering process. The advantages of this
process consist in the elimination of the conventional needs for
(a) a low-frequency transformer to scale eg(t) and (b) the low pass
filter for rejection of the ac content of eg(t), where both (a) and
(b) constitute the main cause of bulk, weight and cost of conven-
tional ac-to-dc conversion equipment.

An Amplifier of Unipolar Signals
Substitution of a time-varying signal e, (t)>0 for the fixed-
voltage reference signal ER discussed with Figure 7 results in a

time~varying output voltage vo(t). If the load impedance Zj,, the
capacitor Cgysand the inversion frequency band are appropriately
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THREE- FULL- WAVE CONTROLLED
PHASE AC. RECTIFIER D.C. TRANS- LOAD
GENERATOR BRIDGE FORMER

Figure 14.- Controlled three-phase ac-to-dc converter

chosen, then vg(t)xhey(t) independent of the variations of eg(t).
No attempt for analysis was made, as being beyond the scope of
this report; the underlying philosophy is ‘found in the literature
(ref. 7).

Amplifiers of Bipolar Signals

Logical extension of the amplifier of unipolar signals leads
to the amplifier of bipolar signals. The uncontrolled switching
elements in the rectifier circuit shown in Figure 4 are replaced
by controlled unilateral switches, such as controlled rectifiers;
the secondary winding W9 of the power transformer is, furthermore,
split into two secondary w1nd1ngs Wo; and Wy3 as shown in Figure
15. A bipolar signal er(t) 0 is compared to the output voltage
Vo (t) instead of the prev1ously unipolar signal and then processed
to transform eg(t) accordingly. The comparator discussed with
reference to Figure 7 is designed to energize the sequencer when-
ever for equal polarity of ey and v, for a preset margin

hv | < |e|

The further aspects of this type of operation appear self-
explanatory. The classical example of such an amplifier is the
inversion of dc-to-ac power with sinusoidal voltage waveform.

Operation of Several Loads
The discussed group of networks can power several loads simul-

taneously as is customary with related types of networks such as
the parallel inverter-converter. The case where the voltage vpl
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Figure 15.- Output network for amplifier of bipolar signals

of one of two dc loads is closely controlled and the voltage of
Vop Of the other load is "slaved" to it is discussed first with
reference to Figure 16. Shown are two center-tapped secondary
windings of the power transformer which power loads R and R
via the corresponding pairs of switches S33i and Spg4, respectively.

Vo2 S221 Rz2i Ra2i Sai Vol

>

¢ Wari Co== SR

% S222 Waz22 3

Ro2o
ARy

Figure 16.- Parallel loads Ryj and Ry of one series
inverter-converter
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Assume that the output voltage vgi indicated in Figure 16 is con-
trolled by an electronic mechanism as discussed with reference to
Figure 7. A predetermined average output voltage v,y is maintain-
ed at load Ry independent of the loading caused by Rp,, provided
that the maximum energy transfer capacity of the primary converter
circuit is not exceeded. This behavior is rooted in the functional
philosophy of the control mechanism which will call for another
pulse (supply of energy) independent of the nature of causes that
led to the condition hvgy1<Er. If the unilateral uncontrollable
switches (ref. 7) Sj;14 were ideal and all Rpj4 = 0, then v,y is
related to v, by the turns ratio Njq/Nyy = koo of the windings
Wooi and Wppi such that kgovey = Ve1. Capacitor Cy, looks through
switches S554; and S51; onto capacitor C,; as reflected into the
circuit of Ryy, that is, whenever these switches are closed. TIf
ko2Vo2>Vo1, then switch Sp2i opens (the diode is back-biased) and
current flow toward load Ry, is interrupted. Conversely, if
hkgyoVe2 = hvgi<ER, then the control mechanisms associated with load
Rr,i calls for another pulse, even though the deficiency of vy was
actually caused by load Rrp. The voltage vgy of load Ry is thus
slaved to the voltage vp1. Furthermore, if Ryoko22 = Rpp' = Rp
and if concurrently C,5/kg22 = Cop' = Co1, then switches S374i and
So94 conduct the respective load current during concurrent and
equal time intervals. This is symbolically indicated in Figure
17(a). 1If, however, Rp,' # Ry and/or Cly # Co1. then the load
current associated with the smaller load, for example, Ryp, will
flow during shorter time intervals than its companion load current,
because vgy = Vgl. This is indicated in Figure 17(b). The un-
controlled unilateral switches S55i thus perform concurrently and
automatically the functions of rectification and pulse width
modulation without application of any mechanism to control the
circuit elements associated with load Ri,-

2 2
koo R2=R, g Koz RoOR,

S2ii !
ON ]
i
OFF ;
|
S22i i
ON g

OFF : »
§

{a) (b)

Figure 17.- Symbolic illustration of current condition

in switches S2ij
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Reintroduction of the intrinsic voltage drop in the switching
elements S2i4 and of the cumulative circuit series resistance R2i7,
illustrated in Figure 16, indicates that the voltage vgy will
deviate from its nominal value kp2Vg2 = Vo]l Within certain limits.
These limits are determined in conventional manner by the circuit
parameter values and the conditions of operation of the common
primary circuit of the series inverter. Closer tracking of the
individual load voltages is attained when the output voltage of
each of the two load circuits is monitored individually by a
separate comparator circuit of the type illustrated in Figure 7.
The load voltage dividers are divided such that hjvpl = hpvp2 and
ho/hy = kp2. The output signal of the two comparators operate into
one common OR gate which in turn energizes the sequencer. The
control circuit operates otherwise exactly as discussed with
reference to Figure 7; this is illustrated in Figure 18. The case
of different potentials of the reference nodes of Rypj and Ry
requires, of course, two reference sources Egj] and Erpy and approprl—
ate signal flow to the OR gate.

COMPARATOR 2
COMPARATOR |

T ER

e R 0] =@ T

:

TO FIRING PULSE-=- SEQUENCER =TO FIRING PULSE
GENERATOR | GENERATOR 2

Figure 18.- Converter control system for two loads

Completely independent control of two loads is attained when
switches Sj;i4 are controllable, such as implemented by controlled
rectifiers, and independent phase angle control is applied during
each of the resonant periods. The control mechanism can be imple-
mented for this purpose by application of any of the known elec-
tronic circuit techniques.

31



Parallel operation of more than two loads follows from an
extension of the indicated methods or modified techniques that
implement the present functional philosophies. Parallel operation
of two or more loads for amplification of unipolar or bipolar
signals is implemented by appropriate extension and application of
the functional philosophies that were presented to maintain several
stabilized dc output voltages of one converter. Known control
mechanisms, other than the type discussed with reference to Figures
7 and 18, can be applied for the purpose of control of voltage,
current, oOr average power.

General Comments

Only a relatively small number of circuits and system con-
figurations was presented for purpose of discussion of the under-
lying principles. The methods applied for removal of excess
energy from the series inductor (s) were not included in the pre-
vious discussions to simplify and amplify the presentation of the
significant aspects of the discussed techniques. Their application
is, however, tacitly assumed, wherever needed. Xnown control
mechanisms, other than the type discussed with reference to
Figures 7 and 18, can be applied for the purpose of control of
voltage, current, or average power.

Many other configurations appear possible that could reduce
to equivalent circuits which incorporate the functional philoso-
phies presented in this report. They can be summarized in simple
language. These configurations would show transfer of energy in
discrete quantities via resonant circuits, from a source of elec-
trical energy to the load which is shunted by a capacitor. The
load, in turn, is part of the resonant circuit. The configuration
would show control of this transfer of energy such that the load
voltage, or current, or power waveform becomes a scaled replica
of a control signal sy (t). The configurations would show how
excess energy that would cause a build-up of excessive potentials
in the high Q circuit is recurrently removed from the series
inductor (s) and returned to the source of electrical energy, or
better, transferred to the load.

EXPERIMENTAL RESULTS

Several series capacitor inverter-converters of the type dis-
cussed previously were constructed including one experimental
model to provide the beam power for an ion propulsion engine of a
spacecraft. The power derived from a 300-volt dc source was
transformed to 2-kV at a beam current of 1 ampere. This transfor-
mation was achieved with an efficiency of over 95% and an internal
operating frequency of 10 kHz at the 2-kW power level. The power
components of this model weigh approximately 4 kg. This converter
is provided with a progressive overload mechanism which interrupts
system operation at the occurrence of overloads and short circuit
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SERIES CAPACITOR DC TRANSFORMER EFFICIENCY AS FUNCTIONS OF OUTPUT
POWER OPERATED FROM A SUPPLY SOURCE OF 300 VOLTS DC
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Figure 19.- Efficiency of series capacitor inverter-converter

currents of up to 103 times the magnitude of their steady-state
value. The output voltage was maintained within 1% of its inten-
ded level. This model was integrated with an ion engine for
spacecraft propulsion. During extensive tests, it withstood the
rigors imposed by recurring arcing inside the engine. No stability
problems were observed. Test data on the efficiency of power
conversion are shown in Figure 19.
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CONCLUSIONS

Principles of operation and the technology of a controllable,
load-insensitive dc transformer in the form of a series capacitor
inverter-converter have been formulated and established. The
functional philosophy of its network is adapted to the character-
istics of current switching operation at high power frequencies
in excess of 10 kHz, in order to impose only moderate stresses on
the switches and the other circuit elements. Application of these
principles led to the attainment of efficiencies of power trans-
formation in excess of 95% since no significant penalties were
imposed by the utilization of high power frequencies for purposes
of minimization of physical weight and size of apparatus. The
time (Tg)min between cessation of current flow in a controlled
rectifier and the recovery of its capacity to block the flow of
forward current presently limits the frequency of efficient oper-
ation of the dc transformer to about 10 kHz.

Construction of flight equipment with power densities of
0.4 kW/kg can be implemented with currently available silicon-
controlled rectifiers having a recovery time of 10 usec. It is
expected that the power density capability will be increased to
1 kW/kg with equal efficiency, when silicon-controlled rectifiers
having a recovery time of 2 usec, currently under development,
become available. 1In addition, this should extend internal fre-
quencies of operation to approximately 50 kHz. Further reduction
of the recovery time of controlled rectifiers could be expected
in the light of past progress in semiconductor technology. How-
ever, other limitations in the way of yet higher frequencies may
have to be overcome before miniaturization of efficient electric
power conversion apparatus may become feasible.

The network described in this report performs voltage scaling
and stabilization in one single operation. The first-order low-
pass filter secures unconditional stability. The zero frequency
component of the output impedance "seen" by the load is approxi-
mately zero, since the system operates on the principle of a
simple regulator. Even in an adverse thermal environment the
output voltage can be maintained within close limits, such as
0.1%, by application of electronic volt-seconds integration
processes which incorporate autocompensatory technigues against
variation of component characteristics due to variation of their
operating temperature.

Automatic termination of current conduction of the controlled
rectifier by the resonant circuit in this network appears essen-
tial to fail-safe operation of controlled rectifiers in dc-driven
networks; dc transformers with ratings of tens of kilowatts and
operated from power sources at conventional voltage levels appear
feasible with currently available circuit components.
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Availability of an efficient multikilowatt dc transformer
could influence the choice of electric power distribution systems
that have thus far relied almost entirely on the conventional ac
transformer for voltage scaling. The power circuit of the dc
transformer is relatively simple. The effects of the complexity
of the electronic control system appears currently acceptable for
applications in which physical weight and size are at a high
premium; moreover, its effects can be greatly reduced by appli-
cation of large-scale microcircuit integration. The relatively
small quantities of material needed for this type of transformer
and its high efficiency could eventually lead to dc distribution
systems that are more attractive than the ac distribution sys-
tems presently employed.
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